Introduction
============

In both prokaryotes and eukaryotes, mRNA translation starts with the initiator methionine, which is often cleaved during translation when nascent peptides exit the ribosome. The functional consequences of the removal of the initiator methionine remain not well understood. For myristoylated proteins that start with methionine and glycine, the cleavage of the initiator methionine and exposure of the amine group of glycine at the penultimate position is a prerequisite to co-translational myristoylation.[@b1-dmso-11-565]--[@b3-dmso-11-565] For proteins with cysteine at the second position, the cleavage of the initiator methionine and exposure of cysteine may modulate the protein turnover rate through the N-degron pathway.[@b4-dmso-11-565]--[@b6-dmso-11-565] For the majority of proteins, the functional relevance of the co-translational removal of the initiator methionine has not been characterized.[@b7-dmso-11-565]

Two methionine aminopeptidases (MetAP1 and MetAP2) have been identified in eukaryotes.[@b8-dmso-11-565] Both enzymes favor substrates with a small amino acid at the penultimate position, including glycine, alanine, cysteine, serine and valine.[@b9-dmso-11-565],[@b10-dmso-11-565] Among these, proteins with valine at the second position are the preferred substrates for MetAP2 over MetAP1[@b9-dmso-11-565]. Although there is still a lack of molecular and cellular understanding on the functional consequences of the MetAP2-dependent removal of the initiator methionine, the physiological importance of MetAP2 during development is highlighted by the embryonic lethality in the whole body of MetAP2 knockout mice.[@b11-dmso-11-565]

Fumagillin is a natural product originally isolated from *Aspergillus fumigatus*.[@b12-dmso-11-565] It demonstrates anti-angiogenesis and cytostasis effects in cultured cells or in a model organism.[@b13-dmso-11-565]--[@b20-dmso-11-565] Fumagillin exerts these effects by covalently modifying and irreversibly inhibiting MetAP2.[@b10-dmso-11-565],[@b21-dmso-11-565]--[@b24-dmso-11-565] Several fumagillin analogs have been developed and tested in clinical trials for various cancers.[@b21-dmso-11-565],[@b25-dmso-11-565]--[@b28-dmso-11-565] It has been originally observed that cancer patients who are overweight lost a significant amount of body weight after MetAP2 inhibitor treatment.[@b29-dmso-11-565] Subsequently, one of the fumagillin analogs -- beloranib -- was tested clinically in obese subjects.[@b30-dmso-11-565],[@b31-dmso-11-565] In addition, structurally distinct non-covalent MetAP2 inhibitors were developed for the potential treatment of cancer or obesity in human subjects.[@b28-dmso-11-565],[@b32-dmso-11-565]--[@b35-dmso-11-565] In both clinical and preclinical studies, pharmacological MetAP2 inhibition markedly reduced body weight mainly due to the loss of fat mass.[@b30-dmso-11-565],[@b36-dmso-11-565] This can be largely attributable to the suppression of food intake.[@b29-dmso-11-565] However, the exact mechanism underlying the suppression of food intake remains unknown. Despite the remarkable weight loss, the therapeutic window of MetAP2 inhibition remains limited. At higher doses, beloranib treatment was associated with sleep disorders and a drop in blood cell count ([www.zafgen.com](http://www.zafgen.com)). In order to develop better MetAP2 inhibitors with greater safety margins, it is important to understand which cell types or tissues MetAP2 inhibition mediates the suppression of food intake and body weight loss. The logical first step is to delineate the MetAP2 expression pattern in tissues and cells relevant to the regulation of satiety and body weight. In the present study, we report the comprehensive mapping of MetAP2 protein expression in the liver, brain, skeletal muscle, adipose tissues and intestines. Immunofluorescence imaging demonstrated a high level of MetAP2 protein in central and peripheral neurons, as well as in intestine epithelial cells. The data also indicated altered MetAP2 expression patterns in hepatocytes obtained from diet-induced obese (DIO) mice. Overall, these results provide directions to generate tissue-specific MetAP2 knockout mice and design the next generation of MetAP2 inhibitors.

Materials and methods
=====================

Animal studies
--------------

All C57BL/6 mice were housed in the animal services facility of Covance Shanghai or ChemPartner Shanghai under a 12/12 h light-dark cycle. Mice were given free access to food and water *ad libitum*. Standard laboratory rodent chow diet was provided to the animals. In order to prepare the DIO (diet-induced obesity) mice, 10-week old mice were provided with high-fat diet (60% kcal from fat, Research Diet) for more than 16 weeks. The lead mice used to compare with the DIO mice were age-matched. For tissue dissection, mice were anesthetized and perfused from the blood vessel using PBS for 5 minutes and 4% paraformaldehyde (PFA), and this was allowed to flow in from the left ventricle and flow out through the damaged right atrium. After 15--20 minutes, the target tissues were cut and fixed in 4% PFA for another 4 hours on ice. All studies were performed at the vivarium facility of Covance (Shanghai, People's Republic of China) or Chem Partner (Shanghai, People's Republic of China) and in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal studies were approved by the Institutional Animal Care and Use Committee of Covance Shanghai or ChemPartner Shanghai.

Immunohistochemistry
--------------------

The tissues were placed in 15% sucrose and incubated overnight at 4°C. On the next day, the tissues were switched into 30% sucrose solution, and incubated for 2 days at 4°C. Then, when all tissues sunk to the bottom, the solution was replaced with a fresh 30% sucrose solution for the second time for another 2 days at 4°C. Subsequently, the tissues were embedded in optimal cutting temperature compound (OCT compound), solidified by liquid nitrogen and cut into 10-μm thin slices using a hard tissue slice machine. Next, the slices were washed twice with PBS for 5 minutes each time, and blocked with a blocking solution (P0102, Beyotime) for 30 minutes at room temperature. Then, the slices were incubated with 200 μL of primary antibody (CST, \#12547) diluted in Dako diluent (\#S0809) for 2 hours at room temperature. Subsequently, the slices were washed three times with PBS for 5 minutes each time and incubated with the secondary antibody (\#711-175-152, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 1 hour at room temperature. After that, 100 μL of Hochest (1:100) was added to each sliced section, incubated for 10 minutes, and the slices were washed three times before imaging. The imaging was performed using a confocal microscope (SP8 \#8100000338, Leica Microsystems, Wetzlar, Germany).

Western blot
------------

For the cultured cells, the cells were collected using a scraper and mixed with 500 μL RIPA buffer containing a 1% phos phatase inhibitor cocktail. Then, cells were sonicated using a Scientz-IID sonicator, centrifuged at 14,000 rpm for 10 minutes at 4°C, the supernatant was transferred, and the protein concentration was determined by BCA (bicinchoninic acid) assay, according to the manual. For the tissue samples, the samples were sonicated using a Scientz-IID sonicator and centrifuged at 14,000 rpm for 10 minutes at 4°C, the supernatant was transferred, and the protein concentration was determined by BCA assay, according to the manual. Western blot was performed using precast SDS-PAGE gels, and the membrane transfer was performed using the iBlot system. Equal amounts of protein (50 microgram) were loaded for Western blot. Then, the membranes were blocked for 1 hour at room temperature, and the primary antibody (CST, \#12547) was added at a dilution of 1:1,000 in blocking buffer and incubated at 4°C. The secondary antibody (\#SA5-10034, Thermo Fisher Scientific, Waltham, MA, USA) was diluted in TBST at 1:5,000 and was used for membrane incubation at room temperature for 1 hour. The membrane blot detection was performed with the Chemi-Doc™ Imaging system using the Dylight™ 650 protocol.

mRNA analysis
-------------

Mouse tissue RNA extraction was performed by homogenize 35 mg tissue in 700 μL lysis buffer from MagMAX™--96 Total RNA Isolation Kit (AM1830, Thermo Fisher Scientific, Waltham, MA, USA). RNA samples were extracted from the homogenized tissue by using the kit and followed the instruction. cDNA samples were obtained by using the iScript^®^ Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad Laboratories Inc., Hercules, CA, USA, 1708843). qPCR performed by using TaqMan^®^ Universal Master Mix II and the primers were purchased from Thermo Fisher Scientific (MetAP2, Mm00721762; Tbp, Mm00446973).

Results
=======

MetAP2 protein expression in liver, brain, skeletal muscle and adipose tissues
------------------------------------------------------------------------------

In order to systematically characterize the protein expression of MetAP2, tissue lysates obtained from mice liver, whole brain, gastrocnemius, epididymal and inguinal fat pads were probed by Western blot. MetAP2 protein was readily detected in the liver and brain ([Figure 1A](#f1-dmso-11-565){ref-type="fig"}). The expression of MetAP2 was lower in the gastrocnemius than in the liver and brain. Furthermore, the expression of MetAP2 in adipose tissues was weak. The investigators also attempted to detect the protein expression of MetAP2 in different regions of the intestine. However, the antibody only detected small protein bands ([Figure 1B](#f1-dmso-11-565){ref-type="fig"}), suggesting that MetAP2 was degraded by various proteases in the intestine during the tissue collection and lysate preparation, despite the presence of protease inhibitors.

In lean mice, the protein expression pattern of MetAP2 was similar to that in DIO mice. However, the protein level of MetAP2 was slightly higher in the gastrocnemius than in the brain, and no MetAP2 protein was detected in inguinal fat ([Figure 2A](#f2-dmso-11-565){ref-type="fig"}). Furthermore, the expression in adipose tissues was weakly relative to the other tissues examined ([Figure S1](#SD1-dmso-11-565){ref-type="supplementary-material"}). Hence, MetAP2 protein was extensively degraded in the lysates prepared from the various regions of the intestine ([Figure 2B](#f2-dmso-11-565){ref-type="fig"}).

The MetAP2 protein expression pattern in DIO mice was similar to that in lean mice, in which MetAP2 level in the gastrocnemius was lower than that in the liver but was slightly higher than that in the brain. However, no MetAP2 protein was detected in the epididymal and inguinal adipose tissues. Furthermore, a degraded MetAP2 fragment was merely detected in the intestine ([Figure 3](#f3-dmso-11-565){ref-type="fig"}).

In order to understand the relationship between MetAP2 expression and metabolic disease condition ([Figures S2](#SD2-dmso-11-565){ref-type="supplementary-material"}, [S3](#SD3-dmso-11-565){ref-type="supplementary-material"}), the protein expression of MetAP2 was compared side by side between lean mice and DIO mice ([Figure 4A](#f4-dmso-11-565){ref-type="fig"}). It was found that there was significant difference in the liver, brain and gastrocnemius between these two mouse models. In order to further investigate whether the difference in protein levels between lean and obese mice was due to transcriptional regulation or post-transcriptional regulation, mRNA was extracted from different regions of the intestine, and the MetAP2 mRNA level was quantified by real-time qPCR ([Figure 4B](#f4-dmso-11-565){ref-type="fig"}). It was found that MetAP2 mRNA levels were higher in the ileum and colon, when compared with the duodenum and jejunum, in both lean and obese mice. Compared to lean mice, the MetAP2 mRNA levels in the DIO mice were higher in all the regions along the intestine.

High MetAP2 protein expression in central and peripheral neurons
----------------------------------------------------------------

There were different cell types in each of the tissues investigated above. Although Western blot analysis was able to determine the total MetAP2 protein levels in the tissues of interest, it does not provide special information within the tissue and among different cell types. In order to gain deeper insight into the protein expression of MetAP2 at the cellular level, MetAP2 immunofluorescence (IF) imaging was performed. It is noteworthy that an IgG antibody was used as the negative control in the immunostaining experiments to ensure signal specificity ([Figure 5B](#f5-dmso-11-565){ref-type="fig"}). As shown in [Figure 5A](#f5-dmso-11-565){ref-type="fig"}, MetAP2 was highly expressed in hippocampal neurons, but was not expressed in non-neuronal cells in the same region. The MetAP2 IF signal was also intense in neurons in other regions of the brain, such as in the cortex of the front lobe ([Figure 5C](#f5-dmso-11-565){ref-type="fig"}). Furthermore, similar MetAP2 IF patterns were observed in the brain regions of DIO mice ([Figure 6](#f6-dmso-11-565){ref-type="fig"}).

High MetAP2 immunofluorescence signals were detected in enteric neurons in the myenteric plexus and submucosal plexus ([Figure 7](#f7-dmso-11-565){ref-type="fig"}). MetAP2 was also highly and specifically expressed in neurons within the nodose ganglia dissected from mice ([Figure 8](#f8-dmso-11-565){ref-type="fig"}).

High MetAP2 protein expression in intestinal epithelial cells
-------------------------------------------------------------

In all the regions along the intestine in lean mice, MetAP2 protein was highly expressed in epithelial cells, including those in the villi and crypts ([Figures 7](#f7-dmso-11-565){ref-type="fig"} and [9](#f9-dmso-11-565){ref-type="fig"}). In contrast, its expression was very weak in smooth muscles and endothelial cells lining the blood capillaries and lymphatic venules. Similar patterns were observed in intestine tissues obtained from DIO mice ([Figure 10](#f10-dmso-11-565){ref-type="fig"}).

Diffuse MetAP2 protein expression in the gastrocnemius
------------------------------------------------------

In both lean mice and DIO mice, MetAP2 protein exhibited a diffuse expression in the gastrocnemius ([Figure 11](#f11-dmso-11-565){ref-type="fig"}). The signals were relatively weak when compared to those in neurons and intestinal epithelial cells.

Altered MetAP2 protein expression pattern in livers of DIO mice
---------------------------------------------------------------

In livers obtained from lean mice, MetAP2 IF signals revealed punctate staining in the cytosol of hepatocytes ([Figure 12A](#f12-dmso-11-565){ref-type="fig"}). Furthermore, a zoning effect appeared, with the MetAP2 expression level being higher in zone 3 (the region surrounding the central vein), when compared to zone 1.

In livers obtained from DIO mice, there was no apparent difference in MetAP2 expression between zone 1 and zone 3 ([Figure 12B](#f12-dmso-11-565){ref-type="fig"}). Furthermore, MetAP2 exhibited a diffuse, rather than punctuate, IF staining in the cytosol of hepatocytes. Another feature unique to these DIO livers was the high IF staining in non-parenchymal cells, and it was likely that immune cells infiltrated these DIO livers.

Discussion
==========

At present, MetAP2 protein expression patterns in mice are characterized at both the tissue and cellular level. By Western blot with a MetAP2-specific antibody, it was revealed that MetAP2 is expressed in the liver, brain, skeletal muscle, and to a lesser extent, in epididymal and inguinal adipose tissues. Due to uncontrollable protein degradation, the investigators were unable to definitively determine the level of MetAP2 protein in the intestine. However, MetAP2 mRNA was readily detected in the intestine. The high expression of MetAP2 protein along the intestine was also apparent via immunostaining.

In the present study, the immunofluorescence imaging provided important information to illustrate the unique expression patterns of the MetAP2 protein. Compared to other cell types in the same tissues, MetAP2 protein was highly enriched in the neurons of the central nervous system and peripheral nerve system, including the enteric nerve system and vagal nerves. Given the strong effect of MetAP2 inhibition on the suppression of food intake, and the established roles of central and peripheral nervous systems on the regulation of satiety, it is conceivable that MetAP2 inhibition in the neurons may play an important role in marked weight loss after pharmacological intervention. In addition to neurons, MetAP2 protein is also highly expressed in epithelial cells in the intestine. Intestinal epithelial cells are specialized for nutrients absorption. Furthermore, these cells are short lived, and are rapidly replenished with progenitor cells that proliferate from stem cells residing at the bottom of the crypts. However, it remains to be determined whether MetAP2 functions in nutrients absorption or the replenishment of intestinal epithelial cells.

MetAP2 expression in mice on chow diet or high-fat diet was also compared. MetAP2 mRNA level increased in all regions of the intestine after feeding with high-fat diet, when compared to chow diet. In livers obtained from lean mice, MetAP2 protein exhibited punctate staining in the cytosol of hepatocytes. Furthermore, the expression of MetAP2 also exhibited a zoning effect, with a higher level in zone 3, when compared to zone 1. In contrast, in livers obtained from DIO mice, MetAP2 exhibited diffuse staining in the cytosol, and no apparent zoning effect was observed. Hence, the physiological or pathological relevance of the altered expression pattern in DIO livers remains to be investigated. Another distinct feature in livers obtained from DIO mice was the high MetAP2 expression in non-parenchymal cells, which was most likely from the immune cells that infiltrated the DIO livers.

In summary, the present study reports the highly enriched protein expression of MetAP2 in central and peripheral neurons, as well as in intestinal epithelial cells and also provides evidence for the differential expression of MetAP2 in the intestine and liver between DIO mice and lean mice. The characterization of MetAP2 expression in normal and disease animal models provides guidance to generate tissue-specific MetAP2 knockout mice lines in the future, in order to further investigate the mechanism of action of pharmacological MetAP2 inhibition.

Supplementary materials
=======================

###### 

Protein expression of MetAP2 in the epididymal fat of lean and DIO mice.

**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.

###### 

Body weight measurement for 5 consecutive days.

**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.

###### 

Food intake measurement for 5 consecutive days.

**Abbreviations:** DIO, diet-induced obese.
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![MetAP2 tissue expression pattern in mice.\
**Notes:** (**A**) Western blot for MetAP2 in tissue lysates extracted from the liver, brain, gastrocnemius, epididymal and inguinal fat pads. (**B**) Western blot for MetAP2 in tissue lysates extracted from different regions of the intestine, including the duodenum, jejunum, ileum and colon. Arrow indicates MetAP2.\
**Abbreviation:** MetAP2, methionine aminopeptidase 2.](dmso-11-565Fig1){#f1-dmso-11-565}

![The MetAP2 tissue expression in lean mice.\
**Notes:** (**A**) Western blot for MetAP2 in tissue lysates extracted from the liver, brain, gastrocnemius, epididymal and inguinal fat pads. (**B**) Western blot for MetAP2 in tissue lysates extracted from the different regions of the intestine, including the duodenum, jejunum, ileum and colon. Arrow indicates MetAP2.\
**Abbreviation:** MetAP2, methionine aminopeptidase 2.](dmso-11-565Fig2){#f2-dmso-11-565}

![The MetAP2 tissue expression in DIO mice.\
**Notes:** Western blot for MetAP2 in tissue lysates extracted from the liver, brain, gastrocnemius, epididymal and inguinal fat pads, and the duodenum. A degraded MetAP2 product was merely detected in the duodenum. Arrow indicates MetAP2.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.](dmso-11-565Fig3){#f3-dmso-11-565}

![Comparison of MetAP2 protein and mRNA expression levels in lean mice and DIO mice.\
**Notes:** (**A**) Western blot for MetAP2 in tissue lysates extracted from the liver, brain and gastrocnemius of lean mice and DIO mice. (**B**) Relative MetAP2 mRNA levels in different regions of the intestine obtained from lean mice and DIO mice.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.](dmso-11-565Fig4){#f4-dmso-11-565}

![MetAP2 expression in neurons in the brain obtained from lean mice.\
**Notes:** (**A**) MetAP2 immunofluorescence in hippocampal neurons. (**B**) Immunofluorescence imaging with IgG control antibody. (**C**) MetAP2 immunofluorescence in the cortex of the front lobe. Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2.](dmso-11-565Fig5){#f5-dmso-11-565}

![MetAP2 expression in neurons in the brain obtained from DIO mice. **Notes:** (**A**, **B**) MetAP2 immunofluorescence in hippocampal neurons. (**C**) MetAP2 immunofluorescence in the cortex of the front lobe. Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.](dmso-11-565Fig6){#f6-dmso-11-565}

![The MetAP2 expression in enteric neurons in lean mice.\
**Notes:** (**A**) The schematic diagram of the cross-section of the intestine lining. (**B**) Immunofluorescence imaging with IgG control antibody. (**C**) MetAP2 immunofluorescence in the jejunum section obtained from lean mice. The arrow indicates the myenteric plexus and submucosal plexus. Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2.](dmso-11-565Fig7){#f7-dmso-11-565}

![The MetAP2 expression in neurons in the nodose ganglion of mice.\
**Notes:** (**A**) MetAP2 immunofluorescence in the nodose ganglion of mice. (**B**) Immunofluorescence imaging with IgG control antibody. (**C**) Immunofluorescence imaging with neuron-specific marker PGP9.5. Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2.](dmso-11-565Fig8){#f8-dmso-11-565}

![The MetAP2 expression in intestinal epithelial cells in lean mice.\
**Note:** MetAP2 immunofluorescence in the duodenum (**A**), ileum (**B**) and colon (**C**) are shown. Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2.](dmso-11-565Fig9){#f9-dmso-11-565}

![The MetAP2 expression in intestinal epithelial cells in DIO mice.\
**Note:** MetAP2 immunofluorescence in the duodenum (**A**), jejunum (**B**), Ileum (**C**) and colon (**D**) are shown. Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.](dmso-11-565Fig10){#f10-dmso-11-565}

![The MetAP2 immunofluorescence in the gastrocnemius of lean mice (**A**) and DIO mice (**B**) are shown.\
**Notes:** Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.](dmso-11-565Fig11){#f11-dmso-11-565}

![The MetAP2 immunofluorescence in livers obtained from lean mice (**A**) and DIO mice (**B**). The arrows indicate the non-parenchymal cells that infiltrated the DIO liver.\
**Notes:** Magnification ×20.\
**Abbreviations:** MetAP2, methionine aminopeptidase 2; DIO, diet-induced obese.](dmso-11-565Fig12){#f12-dmso-11-565}
